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On the inland navigation system, miter gates are common structures that are supported by steel 
frames known as anchorages embedded in the concrete lock chamber wall. These anchorages 
primarily resist the overturning moment caused by the self-weight of the gate as it swings open 
and closed.  Typically, miter gates will swing open and closed many times per day such that the 
loading experienced by the miter gate anchorages is cyclic in nature, and so, fatigue life of 
anchorages must be considered. A significant concern regarding miter gate anchorages is that 
many of the anchorages have been in service since the construction of the lock, oftentimes more 
than eighty years ago. The typical analysis approach to miter gate anchorages is to ignore the 
embedding concrete and treat the anchorage as a freestanding truss. This approach to analysis leads 
to unreasonably high estimation of stresses in the anchorage components, further exacerbating 
fatigue concerns. To aid in understanding the stress distribution of embedded anchorage 
components, the researchers of this study perform a full-scale test of a miter gate anchorage. The 
test is performed in three phases.  In phase one, the anchorage is supported in a manner to represent 
the assumptions of the traditional analysis of anchorages, where the embedding concrete is 
ignored. In phase two and three, the anchorage is embedded in concrete. In phase two, the extent 
of the embedding concrete is intended to represent the configuration typical to so-called miter or 
primary anchorages. In phase three, a portion of the embedding block is cut away to simulate the 
reduced concrete coverage typical of the so-called recess or secondary anchorages. In all phases, 
the anchorage is pulled to simulate the reaction of the hanging miter gate that the in-service 
anchorage would support and the strain response throughout the anchorage is recorded with strain 
gages. In this initial study, the results are used to inform the code-based fatigue analysis typically 
performed by design engineers. A metric is defined, termed the strain-modulus, that is used to 
estimate the magnitude of axial stress in anchorage components given an applied load. It is seen 
that in all but one case, the strain modulus decreases in the anchorage when embedded in concrete 
in phase 2 and 3 as opposed to the unembedded anchorage in phase 1. The strain modulus is then 
leveraged to update the code-based fatigue analysis and it is shown that, for most of the 
unembedded portions of the anchorage, the stress in well below the endurance limit of steel such 
that fatigue limit states likely need not be considered. As such, design engineers may wish to 
reevaluate plans to excavate and replace these anchorages in kind. Ultimately, this testing is 
intended to develop a representative dataset that can be used to quantify the interaction between 
steel and concrete in miter gate anchorages. The dataset will be used to calibrate modeling 
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Miter gates are common structures used at the 193 lock sites owned and operated by the US 
Army Corps of Engineers (USACE) along the inland waterways that comprise the Inland 
Navigation System [1] [2]. Miter gates act as the damming surface of the lock chamber allowing 
water level inside the chamber to differ from the water level outside the chamber. This report 
focuses on a critical component of miter gates known as the embedded anchorage which acts as 
the primary supporting member securing the miter gate to the lock chamber wall. The embedded 
anchorages are typically steel components that are mostly embedded in the concrete lock chamber 
wall and connected to the upper hinge (or, gudgeon) portion of the miter gate by steel bars. A 
typical schematic of a miter gate and embedded anchorage is shown in the elevation view in Figure 
1-1. Each leaf (or, door) of a miter gate is generally supported by two anchorages: one in line with 
the gate when it is fully closed (often referred to as the miter or primary anchorage), and one in 
line with the gate when it is fully opened (often referred to as the recess or secondary anchorage). 
The different orientations of the two anchorages are highlighted in the plan view shown in Figure 
1-2. Note the proximity of the secondary anchorage to the edge of the concrete wall, which will 








The primary loading scenario on miter gate anchorages is from the overturning moment of a 
hanging miter gate. An elevation view of an anchorage is shown in Figure 1-3, with arrows 
showing the assumed distribution of forces caused by the overturning moment of the hanging gate. 
Referring to Figure 1-2, as the gate swings open or closed, the reaction of the overturning moment 
is shared between the primary and secondary anchorages, with the percentage of the reaction on 
each anchorage dependent on the position of the gate. That is, when the gate is fully open, the 
secondary anchorage is intended to resist 100% of the overturning moment. Similarly, when the 
gate is fully closed, the primary anchorage is intended to resist 100% of the overturning moment. 
In intermediate positions, the anchorages share the load proportionally based on the angle of the 
gate. Thus, every time the gate opens and closes, the anchorages experience a load cycle. Gate 
swings may occur dozens of time per day, and so anchorages may experience thousands of load 





1.1.1 Fatigue analysis of miter gate anchorages 
The cyclic nature of loading on miter gate anchorages is such that fatigue is a primary concern. 
Compounding fatigue concerns is the fact that most of the miter gates are intended to be supported 
by existing embedded anchorage systems that are “original”, meaning they can be as much as 80 
years old. Traditionally, analysis of the anchorage is performed by ignoring any contributions to 
structural performance that the embedding concrete might have due to bonding and/or bearing 
between the steel and concrete. This conservative analysis approach suggests unreasonably high 
stresses in the steel components of the anchorage, effectively leading to the assumption that the 
load cycles experienced by the anchorage have unreasonably high stress amplitudes. The age of 
the anchorages, along with the conservative analysis approach, has led to concern that fatigue 
failure of many of these anchorages is imminent. Failure of an anchorage will ultimately lead to 
loss of a miter gate, and the potential for significant economic impact through closure of the lock 
chamber and delays on the inland navigation system [3] [4] [5]. 
For miter gate anchorages, fatigue analysis is frequently performed according to the AASHTO 
Manual for Bridge Evaluation [6]. Equation 7.2.5.1-1 is the AASHTO manual is used to find an 
estimate of fatigue life for miter gate components. The AASHTO approach is based on traditional 
power law approaches developed in part by the work of Wohler [7] and Basquin [8], and the linear 
accumulated damage law developed by Miner [9].  The AASHTO equation is adjusted here in eq. 







3 − 𝑌𝑌𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟 
(1-1) 
 
where Yremaining is the finite fatigue life of the detail in years, Yservice is the years in which the 
anchorage has been in service, RR and A are AASHTO specific constants, Nmean is the average 
number of cycles experienced by the anchorage based on lock records, and (Δf)eff is the effective 
stress range per cycle.  For riveted connections typical of historical miter gate anchorages, the most 
appropriate detail for fatigue analysis is 2.3 from table 6.6.1.2.3-1 in the AASHTO (2017). This 
detail leads to a fatigue category “D” with RR and A equal to 1.6 and 2.2 x 109 ksi3, respectively. 
For the fatigue analysis of miter gate anchorages, (Δf)eff is found by assuming that the miter gate 
anchorage typically cycles between no stress and the stress caused by resisting the full overturning 
moment caused by the quasi-static opening and closing of the gate. The magnitude of the full stress 
is found by simple static truss analysis highlighted in Figure 1-3. The truss analysis shows that the 
tension strut is the critical member as it has the highest tensile stress under the typical load. The 
AASHTO-based fatigue analysis is performed for a selection of miter gate anchorages along the 
Upper Mississippi river for which gate weight, dimensions, and annual cycle data were available 
with results in Table 1-1. Note, the anchorages along the upper Mississippi River are all of a similar 
construction, and the representative tension strut cross-section is taken as 6.86 in2. 













11 84 122 17.8 6646 10.1 
12 82 122 17.8 6195 19.0 
13 82 122 17.8 5882 24.4 
14 82 125 18.2 8381 -12.6 
15 87 117 17.1 8397 -2.5 
16 82 125 18.2 8244 -11.4 
17 82 122 17.8 7170 5.3 
18 82 125 18.2 8004 -9.3 
20 85 125 18.2 6325 6.9 
21 83 120 17.5 6527 17.8 
22 83 120 17.5 6275 21.8 
 
The data shown in Table 1-1 shows results for remaining life of the anchorages if the originally 
designed miter gates were to remain on the anchorage. In the coming years, USACE district 
engineers within the USACE Mississippi Valley Division (MVD) will be tasked to hang new miter 
gates at their lock and dam sites. These new miter gates are significantly heavier than the old gates, 
which will increase (Δf)eff and exacerbate fatigue concerns. Moreover, the embedding concrete of 
these anchorages precludes inspection of the vast majority of the system, and so, the current 
condition of the embedded portion of these anchorages is completely unknown. Accordingly, there 
is reluctance throughout MVD to hang the heavier new gates on these anchorage systems of 
unknown quality. However, it is suspected that the embedding concrete contributes significantly 
to the structural behavior of the system. However, without definitive evidence supporting this 
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notion, there is reluctance to accept this notion given the economic and life-safety implications of 
a failed miter gate anchorage. 
1.1.2 Previous work performed 
Through conversations with miter gate design engineers and operations personnel, it is known 
that when embedded anchorage systems have been excavated, it is typical to see bonding between 
the steel and concrete. Moreover, even in the absence of bonding, it is deemed very likely that the 
steel of the anchorage will bear against the concrete in such a manner as to alleviate a great deal 
of stress throughout the anchorage. Thus, characterizing and quantifying the interaction of steel 
and concrete in miter gate anchorages is of primary importance in order to get a more accurate 
representation of the stress amplitudes the anchorages experience under a load cycle. There is a 
dearth of work in the literature regarding the material interaction between steel and concrete of 
structural components of a size similar to miter gate anchorages. There has been significant 
investigation on the material interaction of steel rebar [10] [11] [12] [13] [14], as well as concrete-
filled steel tubes [15] [16] [17], but none of these component are directly analogous to the truss-
like behavior of miter gate anchorage. Several studies have leveraged finite element analysis 
(FEA) to describe complicated steel/concrete interaction [18] [19] [20]. Similarly, many studies 
have leveraged FEA to aid in the analysis of complicated miter gate behavior [21] [22] [23]. 
Levine, et al. [24], coupled the two approaches in the analysis of miter gate anchorages. They 
simulated the interaction between steel and concrete as springs acting normal to each surface to 
the embedded portions of the anchorage. Spring stiffness was selected based on foundation 
modulus found in the literature [25]. They show that the inclusion of concrete/steel interaction in 
a numerical model of an embedded anchorage significantly reduces the stress throughout the 
anchorage. The reduction in stress occurs even with the conservative assumption is made to only 
consider bearing interaction and ignore bonding between the steel and concrete by having springs 
only in the direction normal to the surface. Changes in stress were particularly stark in the tension 
strut of the anchorage. Here, stress went from being the highest in the structure to being effectively 
negligible. Figure 1-4 shows the change in stress in the numerical model of the embedded 
anchorage when bearing between steel and concrete is simulated via springs. In almost all locations 
of the model, the stress decreases.  
While the numerical models provide analytical evidence of the lack of stress in the embedded 
portions of the anchorage, there is a strong desire from stakeholders to perform physical testing of 
full-scale anchorages to verify the modeling results.  In 2018, two new anchorages were 
instrumented at Lock and Dam 20 on the Mississippi river to determine the change in strain 
response in the embedded portion by comparing strain gage data before and after the embedding 
concrete was poured [26]. An image of the instrumented anchorage at Lock and Dam 20 is shown 
in Figure 1-5. Some thirty strain gages were installed on the anchorage, and a novel loading method 
was developed to place the anchorage under tension using a Nord-lock supernut and a threaded 
rod. Due to concerns of strength of the anchor rods prior to pouring of concrete, the project 
engineers allowed a maximum tensile load of 20 kips to be placed on the specimen. Even with a 
larger allowable load, on-site constraints would’ve made it difficult to apply a force larger than 20 
kips. The results indeed appear to corroborate those obtained via the numerical model. However, 
there was a persistent issue with noise in the recorded data and the applied load was of such a small 
magnitude that it was unclear if the strain gages were responding at all to the load. Moreover, the 
anchorage at Lock and Dam 20 is not representative of the typical anchorages seen along the Upper 
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Mississippi River. Thus, the uncertainty in the collected data, and the uniqueness of the new 
anchorage at Lock and Dam 20 led to a desire for additional physical testing.  
 
 
Figure 1-4 Change in stress in the numerical model of an embedded anchorage when bearing interaction between 
steel and concrete is simulated. Negative values indicate that stress decreases when concrete is simulated.  
 




The goal of the test is to definitively show whether or not the embedded portions of the 
anchorage experience significant load under representative loading conditions. By performing this 
test in a laboratory environment, loads of significant magnitude can be applied and issues with 
noise in the data can be more easily addressed. To inform historical fatigue analysis, a direct 
comparison will be made to the magnitude of stress when the concrete is ignored and the magnitude 
of stress when the concrete is considered. This study aims to provide definitive evidence that 
neglecting the interaction between steel and concrete is excessively conservative. In doing so, a 
representative data set will be generated to validate and calibrate models to more accurately 
quantify the stress distribution of the embedded portion of the anchorages when under load. 
Ultimately, this testing will lead to more accurate fatigue life predictions for the embedded 
anchorages of miter gates. 
The approach is to load a full-scale miter gate embedded anchorage to obtain representative 
strain data for the structure when concrete is and is not present. The testing will take place in 3 
phases. In phase 1, the anchorage is supported in a manner to mimic the traditional analysis method 
of ignoring the structural contribution of embedding concrete. In phase 2, the test specimen is 
embedded in concrete to simulate the actual environment of a typical primary/miter anchorage 
with an effectively infinite domain of embedding concrete. In phase 3, a significant portion of the 
embedding concrete is removed in order to simulate a secondary/recess anchorage. Recall the 
difference between the miter and recess anchorages, as highlighted in Figure 1-2. In all phases, the 
anchorage specimen in instrumented with an array of strain gages that are used to characterize the 
stress distribution throughout the specimen.  
With the results from the testing, a metric is found (herein termed the “strain modulus”) that 
allows for the estimation of strain, and thus stress, distribution of the components of similarly 
constructed anchorages. This metric is used in conjunction with the typically used AASHTO 
fatigue analysis to provide an updated estimate of the remaining fatigue life of the anchorages 
already analyzed in Table 1-1.  Results of the test largely support the findings of the previous 
numerical studies that stress in the embedded portions of the anchorage quickly dissipates into the 
embedding concrete. In the tension strut of the anchorage, the stress of the test specimen is 
effectively negligible, and stress amplitudes would be below commonly accepted values of the 
endurance limit of steel such that fatigue analysis could likely be ignored. It should be noted that 
it is infeasible to accurately simulate concrete degradation similar to what may be seen on lock 
and dam sites in service for eighty or more years. Therefore, engineers and asset managers 
interested in the results of this study should carefully consider on-site conditions prior to directly 
applying the results of this study to decisions regarding anchorage repair or replacement.  
This report is an extension of the publication by Eick, et al, [27], where the size limitations of 
the journal article format prevented sharing of all but the most informative data. Here, data and the 
associated metrics are presented for all sensors used in the study for the benefit of interested 







This test of the anchorage is to be performed in three phases. Phase 1 of the test mimics the 
assumed conditions of the traditional analysis method, whereby the anchorage is a free-standing 
truss supported only at the foot of the compression and tension struts. Phase 2 of the test will see 
the test specimen embedded in concrete to mimic primary anchorage typical of the upper 
Mississippi River locks and dams. For phase 3, a large portion of the embedding concrete is 
removed such that the embedding condition simulates those for a secondary anchorage. In this 
section, the design of the anchorage and concrete are discussed, as are specifics of the testing 
method and protocols. Instrumentation and data acquisition parameters are also discussed, and the 
metrics used for analysis are described in detail.  
2.1 Anchorage and Concrete design 
The anchorage fabricated for the test was designed to be as close as possible to an exact replica 
of the original anchorages installed at Lock 16 on the Upper Mississippi River.  The original 
drawings for the anchorage at Lock 16 are shown in Figure 2-1. Unavailable historical steel shapes 
were replaced with similar modern shapes. This was primarily an issue for the tension and 
compression struts, listed on the original drawings as 12” I @ 28#. These were replaced with the 
similar S12X30.8. Additionally, rivets were replaced with bolts. To simulate the bearing surface 
present in the rivets of the original anchorage, tension-control bolts were utilized. The grade of 
steel used in the original construction is unknown. For the test specimen, all steel is ASTM A36. 
The yield strength of this grade of steel is expected to be similar to the steel in the original 
construction; however, the testing performed will load the structure in the linear range, and so 
yield strength should have minimal effect on results. The fabricated test specimen standing in the 
lab prior to placement of the supports is shown in Figure 2-2. 
For the portion of the test where the specimen will be embedded, the concrete mix was 
designed per recommendations of USACE MVR engineers. A 3000 psi design strength mix was 
selected to achieve a strength of 4500-5000 psi at testing.  The block in which the test specimen is 
embedded strikes a balance of being large enough to simulate the effectively infinitely large 
concrete domain of the in-situ lock chamber wall, while still being feasibly constructed and 
supported in the laboratory. Ultimately, the embedding concrete block has dimensions of 10’W X 
14’ L X 12’ H. Concrete reinforcement is intended to represent the reinforcing cage typically used 
in the field and consists of No. 6 bars surrounding the specimen, spaced at 12 inches. No. 4 bars 
are used in the horizontal direction to tie the No. 6 bars together.  An elevation view showing the 
rebar layout for the concrete block is given in Figure 2-3 while a plan view is provided in Figure 
2-4. Note, at the time of the concrete pour, cylinders were taken to determine a concrete strength 






Figure 2-1 Original Lock 16 anchorage drawings 
 




Figure 2-3. Elevation view showing rebar layout 
 
Figure 2-4 Plan view of rebar layout 
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2.2 Test setup and procedure 
2.2.1 Phase 1 
For phase 1, the anchorage is setup to resemble to traditional method of analysis whereby the 
embedding concrete is ignored. To accomplish this, steel fixtures were fabricated to provide the 
supports necessary. For the compression strut, rolled steel members were welded together to 
provide a bearing surface against which the compression strut can push. For the tension strut, steel 
rectangular tubes were welded around the tension strut like a yoke, which was then bolted to a 
welded steel assembly that was ultimately bolted to the floor. These supports are shown in a 
schematic in Figure 2-5, with a close up of the tension yoke shown in Figure 2-6. 
 
Figure 2-5 Schematic showing anchorage supports for phase 1 to mimic traditional analysis assumptions 
 
Figure 2-6 Close up of tension reaction yoke 
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To apply sufficient load to the anchorage, two actuators with 220 kip capacity were attached 
to a spreader beam and programed to pull on the anchorage in a synchronized manner. A 3D 
schematic of the entire phase 1 test setup is shown in Figure 2-7, while an overhead view of the 
test setup in the lab is shown in Figure 2-8. Concerns about strength and stability of the test 
specimen in phase 1 led to a need to apply a relatively limited load of 140 kips. This load was 
applied several times and readings were taken from the instrumentation to characterize the strain 








Figure 2-8. Overhead view of phase 1 setup in the lab 
2.2.2 Phase 2 
In phase 2, the anchorage is fully embedded in concrete to simulate the actual in-situ conditions 
of a miter gate embedded anchorages. In this phase, the supports fabricated for phase 1 are removed 
and the anchorage was lifted several feet off the ground prior to pouring of concrete to minimize 
any boundary effects at the bottom of the anchorage, as seen in Figure 2-9. To prevent sliding or 
overturning of the concrete block when placed under load, 8 Dywidag-type threaded rods were 
passed through the block, post-tensioned, and anchored to the laboratory reaction floor. Additional 
shear keys were added at floor connections to resist sliding of the block.  The supports for the 
block are shown in Figure 2-10. For this phase of testing, the anchorage is supported exclusively 
by the embedding concrete, as in the field. Loading of the anchorage is exactly the same as in 
phase 1. For phase 2, there is less concern of strength and stability, and so the full force of the 
actuators can be applied. For this interim report, the following chapter only discusses results for 
the phase 1 test and the phase 2 test up to 140 kips, as a one-to-one comparison is easily made.  
For the phase 2 test, data was also obtained for loading up to 390 kips (targeting 400 kips, but 
limited by hydraulic pump pressure capacity and small misalignments in the actuator). This data 
has not been processed in detail, and so is not discussed in detail in the following chapter. However, 
the data is presented in the Appendix to further inform the behavior of the embedded anchorages 
when subjected to loads more representative of a miter gate. The follow up full report of the testing 
will discuss results from the full 400 kip load placed on the anchorage. For phase 2, a 3D schematic 










Figure 2-10. Schematic of installed concrete block. 
 
 





Figure 2-12 Setup of phase 2 test in the lab 
2.2.3 Phase 3 
The testing procedure for phase 3 is identical to phase 2, with the exception that a portion of 
the concrete block is cut to simulate the minimal concrete cover on one face of a secondary 
anchorage. For the phase 3 test, the south-side of the concrete block was cut away such that the 
south-facing surfaces of the anchorage specimen has a depth of concrete cover identical to the 
recess anchor at Lock and Dam 16 on the Mississippi River (and typical of most recess anchorages 
along the Upper Mississippi River). The cutting procedure was performed with a wire saw and a 
28” deep section of the block was cut off, as shown by the cutting-line in Figure 2-4. The wire saw 
in place and cutting the block is shown in Figure 2-13. The final cut portion of the block is shown 




Figure 2-13. Wire saw cutting the block of concrete in preparation for Phase 3 
 





2.3 Instrumentation data acquisition and data processing procedures 
The instrumentation installed on the anchorage is Micro-measurements 350 Ohm, quarter-
bridge strain gages [29]. These were installed following manufacturer recommended procedures 
with the Micro-measurements M-Bond 200 adhesive [30]. Locations of strain gages are provided 
in the results section and are thus not provided here for brevity. Gage locations were selected to 
aid in quantifying the distance over which significant stress remains in the embedded steel (in other 
words, how “quickly” the embedding concrete dissipates the stress). Thus, strain gages were 
spaced along steel members with relatively high concentration of gages near the edge of the 
embedding concrete. To protect the strain gages during the concrete pouring procedure, the strain 
gages were covered in an epoxy and then further coated in a water proofing material. Strain gages 
were wired in the three-wire configuration. For data acquisition, a National Instruments (NI) 
SCXI-1001 chassis [31] is used with the SCXI-1520 [32] module combined with the SCXI-1314 
universal strain terminal block accessory [33]. Force and displacement signals were recorded from 
the actuators using the SCXI-1102 module.  
Data acquisition was performed using the NI SignalExpress software [34]. For the phase I/ 
bare steel test, data was sampled at 10 Hz, which proved to be sufficient. For the phase 2/concrete 
test, electrical noise was a persistent issue. To prevent aliasing of the noise a combination of an 
analogue anti-aliasing filter and higher sample rate of 40 Hz was used. The anti-aliasing filter was 
a low-pass filter provided in the SCXI-1520 module and was setup with a cutoff frequency of 
10Hz. Note, the low-pass filter was utilized in the phase I test, but the cutoff frequency was left at 
the default value of 10 kHz with no perceived need to adjust it.  
At the start of testing, the strain gages were zeroed so that the measurements would be 
indicative of the change in strain due to the applied loads to the anchorage, while eliminating any 
residual strain due to self-weight, ambient thermal effects, or strain caused by gage installation. 
Nevertheless, during testing, data acquisition equipment tends to heat up due to flowing electrical 
current, and so some small drift in gage readings due to heating is typical. To address this issue 
the first reading of each strain gage when no load is applied during a test is taken as the zero 
reading of that gage for that particular test. That zero reading is then subtracted from all other 
readings of the gage. This ensures that the strain readings all start near zero strain for a particular 
test.   
After collection of the data, an additional digital low-pass filter is used to further reduce the 
noise content of the signal. The filter utilized in a 10-pole butterworth filter with a cutoff frequency 
of 1/100th of the Nyquist frequency. This filter is implemented in the Scipy package of the Python 
computing language [35]. For additional information regarding Nyquist frequencies, filtering, and 
signal processing, the reader is directed to an appropriate textbook, such as that by de Silva [36]. 
2.4 Metrics for investigation 
Plots comparing all results from the tests with and without concrete are provided in the 
appendix. In this section, a simple metric is presented, herein referred to as the ‘strain modulus’, 
for easy comparison of the strain response at gage locations on the anchorage between the two sets 
of tests. The strain modulus is taken as the slope of the ordinary least squares (OLS) linear 
regression fit of the data. For the data herein, the slope of the OLS fit provides an indication of the 
average increase in micro-strain given a unit increase in applied force to the anchorage (in kips). 













Where the ‘bar’ indicates the mean of the variable, ‘cov’ indicates the covariance, and ‘var’ 
indicates the variance. Details on calculating the sample variance and covariance from a set of data 
can be found in introductory statistics books, such as that by Hogg, McKean, and Craig [37]. 
Additional details for the OLS approach to linear regression can be found in the text by Sheather 
[38], for example. In the case of the tests performed herein, the values of interest are the strain 
response due to the applied load, and so y is the measured strain and x is the applied load. Thus, 







Where 𝜇𝜇𝜇𝜇 is the measured strain and P is the corresponding applied load. For the data herein, 
this metric has units of micro-strain per kip-applied force. The strain modulus thus provides an 
indication of the average increase in strain at a strain gage due to a unit increase in applied force 
to the anchorage. The higher the number, the more stress and strain is experienced in the local 
region of the anchorage under a given load (where the local region is the region immediately 
surrounding the strain gage).  
The overwhelming majority of strain gages in this test responded in a nearly perfect linear 
fashion, making a linear regression fit appropriate. One such typical linear gage response is shown 
in Figure 2-15, which shows the response of strain gage S-10 for all the bare-steel tests (in black) 
with the average OLS fit superimposed in pink.  Several gages show a response that is something 
other than perfectly linear  such as that seen Figure 2-16 for gage S-02. These gages are typically 
near a support or point of load application where complicated contact phenomenon occur. For most 
of these gages, an OLS fit is still sufficient to characterize the average response, such as the OLS 
fit shown in pink superimposed on the data in Figure 2-16. For two gages, S-01 and N-19, the 
response is particularly poorly described by an OLS fit, as seen in Figure 2-17 (data in black, OLS 
fit in pink). 
 




Figure 2-16 Not perfectly linear response of gage S-02 for all tests without concrete (black) , still well represented by 
OLS fit (pink) 
 
Figure 2-17 Response of strain gage S-01 for all tests without concrete (black), poorly represented by OLS fit 
A metric to gage the quality of the OLS fit is the R-squared value. For a univariate regression, 
the R-squared value is equal to the square of the correlation coefficient between the dependent and 
independent variables (strain and force, respectively, in this case). It takes values between 0 and 
1. The closer the R-squared value is to 1, the stronger the linear relationship between the variables 












Where, all variables are as described above. As an example, the average R-squared for the data 
shown for gage S-10 in figure Figure 2-15 is 0.99 suggesting a nearly perfect linear relationship. 
For the data shown in Figure 2-16 for gage S-02, the R-squared is 0.94, suggesting that a linear 
relationship is still appropriate. For the data shown in Figure 2-17 for gage S-01, the average R-
squared is 0.35, suggesting a linear relationship is not appropriate. 
An additional metric that is of interest is the percentage change in strain modulus between the 
test performed with concrete and the test performed without concrete. It is of particular interest to 
gage the percentage change due to the addition of the embedding concrete, and so the change is 
measured against the results from the test without concrete. Formally, the percentage change is 
calculated as: 
 
Δ%𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 100 ×









In this section, the relevant results are shown. First, the strength results for the concrete 
cylinders are shown, and then metrics used for investigation of the strain data are shown. For each 
gage, a comparison bar plot is given showing the average strain modulus from  the different phases 
of the test as calculated using eq. (2-2). The change in modulus is also shown in an additional bar 
plot, as calculated using eq. (2-4). Results are further tabulated along with the R-squared value (as 
calculated using eq. (2-3)) for each OLS fit to inform the goodness-of-fit. For an easy one-to-one 
comparison, the results between the different phases up to 140 kips are initially shown. Then the 
results between phase 2 and 3 up to the maximum load of the actuators are shown.  The results are 
presented per region of the anchorage, defined as the channels, the north gusset, the south gusset, 
the tension strut, and the compression strut. For each region, an image is provided to highlight the 
location of each gage. Note, in all cases, the gages are oriented to measure strain along the long 
dimension of the shown rectangle. Values listed as “N/A” are for sensors damaged during the 
pouring of concrete for phase 2 and 3. 
3.1 Concrete strength 
Concrete cylinders were pulled from the concrete pour and tested to determine a strength 
development curve. The results from the various cylinder tests are presented in Table 3-1 and the 
strength development curve is shown in Figure 3-1. Testing for phase 2 reported herein was 
performed at concrete age of 69 days. Phase 3 testing was performed several weeks thereafter.  
 
Table 3-1 Concrete cylinder strength 
  Cylinder  
Age 
(days) Quantity 1 2 3 4 Average 
3 
Load (lbs) 28410 27860 27860 33330  
f'c (psi) 2261 2217 2217 2652 2337 
7 
Load (lbs) 51100 40480 43380 N/A  
f'c (psi) 4066 3221 3452 N/A 3580 
14 
Load (lbs) 55840 52350 57870 58030  
f'c (psi) 4444 4166 4605 4618 4458 
28 
Load (lbs) 72170 62670 73490 75160  
f'c (psi) 5743 4987 5848 5981 5640 
45 
Load (lbs) 73150 74670 70860 70440  
f'c (psi) 5821 5942 5639 5605 5752 
69 
Load (lbs) 79700 75010 N/A N/A  





Figure 3-1 Concrete cylinder strength development curve 
3.2 Channel sections 
The approximate location of strain gages on the exposed portions of the channels are shown in 
red in the plan view of Figure 3-2 and elevation view of Figure 3-3. Gage N-22, N-23, S-22, and 
S-23 are attached to the flanges of the channels; T-11 is placed on the top doubler plate of the top 
channel and B-11 is placed on the bottom doubler plate of the bottom channel. Strain modulus 
results are shown in the bar plot in Figure 3-4, and the percentage change in strain moduli are 
shown in Figure 3-5. All results are tabulated in Table 3-2. Note, for the channels, plotted results 


















Figure 3-2 Plan view of exposed portion of channels showing installed strain gage labels 
 
Figure 3-3 Elevation view of exposed portion of channels showing strain gage labels 
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3.2.1 Results for 140 kip test 
 
 
Figure 3-4. Average strain-modulus for tests with and without concrete for channel strain gages 
 




Figure 3-6 Percentage change in strain modulus for channel gages for phase 3 
Table 3-2 Strain moduli and R-squared values for gages on the channels 
Sensor 














B-01 0.3738 0.98 0.4817 0.92 0.437 0.92 
T-11 0.2581 0.99 0.2979 0.98 0.3112 0.99 
N-22 2.2746 1 N/A N/A N/A N/A 
N-23 0.581 0.93 1.1402 0.97 1.2291 0.99 
S-22 1.9789 0.99 1.1969 0.92 0.9731 0.94 




3.2.2 Results for max load tests. 
 
Figure 3-7 Strain modulus for channel gages, max load test 
 




Table 3-3. Strain modulus and r-squared values for channel gages, max load 
Sensor 








B-01 0.3284 0.98 0.3263 0.98 
T-11 0.318 0.98 0.3375 0.99 
N-23 1.6318 0.99 1.5028 1 
S-22 1.3956 1 1.378 0.99 
S-23 1.053 1 1.183 1 
 
 
3.3 North Gusset 
Approximate gage locations on the north gusset plate are shown in Figure 3-9. All gages on 
the north gusset plate are attached on the outside face of the plate. The average strain moduli are 
shown in the bar plot in Figure 3-10. The percentage change in strain moduli are shown in Figure 
3-11. All results are tabulated in Table 3-4Note, for the north gusset, plotted results are not shown 
for N-08, N-15 and N-16. These gages were damaged during the concrete pouring procedure. 
 
Figure 3-9 Strain gage labels for the north gusset 
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3.3.1 140 Kips test 
 
Figure 3-10 Strain modulus for tests with and without concrete for north gusset strain gages 
 
 




Figure 3-12. Percentage change in strain modulus for gages on north gusset plate for phase 3 
 
Table 3-4 Strain moduli and R-squared values for gages on the north gusset 
Sensor 











N-05 0.4777 0.98 0.0333 1 0.0385 1 
N-06 1.0669 1 0.0415 1 0.0492 1 
N-07 0.1305 0.98 0.0505 1 0.0566 0.99 
N-08 1.0224 1 N/A N/A N/A N/A 
N-09 0.1688 0.97 0.0229 1 0.0218 0.98 
N-10 -0.4624 0.98 0.0054 0.95 N/A N/A 
N-11 -0.3837 0.98 0.0111 0.98 0.0075 0.93 
N-12 -0.9888 1 -0.0937 1 -0.1297 0.99 
N-13 0.6394 0.99 0.4067 0.99 0.5756 0.99 
N-14 0.5411 0.98 0.7063 0.99 0.7704 1 
N-15 0.5855 0.99 N/A N/A N/A N/A 




3.3.2 Max load test 
 
Figure 3-13Strain modulus for north gusset gages, max load tests 
 
 




Table 3-5 Strain modulus and r-squared values for north gusset gages, max load 
Sensor 








N-05 0.036 1 0.0401 1 
N-06 0.0467 1 0.0517 1 
N-07 0.0568 1 0.0613 0.99 
N-09 0.0188 0.99 0.018 0.97 
N-10 0.0007 0.18 N/A N/A 
N-11 0.0068 0.96 0.004 0.72 
N-12 -0.1232 0.99 -0.1506 0.98 
N-13 0.3974 1 0.5056 0.99 
N-14 0.4723 0.95 0.4881 0.85 
 
3.4 South Gusset 
Approximate locations for the strain gages on the south gusset plate are shown in Figure 3-15. 
All gages on the south gusset plate are attached to the outside face of the plate. For clarity in the 
plots, results for the south gusset are divided into two arbitrary sets. The average strain moduli are 
shown in the bar plots of Figure 3-16 and Figure 3-17. The percentage change in strain moduli are 
shown in Figure 3-18 and Figure 3-19. All results are tabulated in Table 3-6. Note, plotted results 
are not shown for S-25 as this gage was damaged during the concrete pouring procedure.  
 
Figure 3-15 Labels for strain gages on the south gusset 
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3.4.1 140 kip tests 
 
Figure 3-16 Strain modulus for tests with and without concrete for gages on the south gusset (first) 
 




Figure 3-18 Percent change in strain modulus for south gusset gages, phase 2 
 
 




Figure 3-20 Percentage change in strain modulus for south gusset gages, phase 3 
 







Table 3-6 strain moduli and R-squared values for gages on the south gusset 
Sens
or 











S-04 0.71 0.99 0.0373 1 0.0407 0.85 
S-05 1.0375 1 0.044 1 0.0527 0.91 
S-06 -0.0072 0.31 0.0094 0.93 N/A N/A 
S-07 0.3521 0.99 0.0857 1 0.1136 0.99 
S-08 0.4986 0.99 0.1394 1 0.1876 0.99 
S-09 0.6295 1 0.1611 1 0.2374 0.97 
S-10 0.7523 1 0.2436 0.98 0.3797 0.98 
S-11 0.8745 1 0.4262 0.98 0.5846 0.99 
S-12 0.919 1 0.7366 0.99 0.7875 1 
S-13 0.8016 0.97 0.6742 0.99 0.7254 1 
S-14 0.5053 0.99 0.3494 0.98 0.3913 0.99 
S-15 -1.1237 1 -0.0789 1 -0.1007 0.99 
S-16 -0.9424 1 -0.0615 0.99 -0.0807 0.99 
S-24 0.2239 0.96 0.0198 1 0.0215 0.99 
S-25 0.1517 0.91 0.0466 0.26 -0.2423 0.06 
S-26 -0.4162 0.99 0.0085 0.98 0.0064 0.94 
 
3.4.2 Max Load tests 
 




Figure 3-23 Strain modulus for remainder of south gusset gages, max load 
 




Figure 3-25 Percentage change between phase 3 and phase 2of remainder of south gusset gages, max load 
Table 3-7 Strain modulus and r-squared values for south gusset gages, max load 
Sensor 








S-04 0.0406 1 0.0442 0.98 
S-05 0.0478 1 0.0607 0.97 
S-06 -0.0053 0.73 -0.009 0.79 
S-07 0.1092 0.99 0.1514 0.97 
S-08 0.1943 0.99 0.2192 0.99 
S-09 0.2253 0.99 0.27 0.98 
S-10 0.3133 0.98 0.405 0.99 
S-11 0.4114 0.98 0.5529 0.99 
S-12 0.5835 0.98 0.7034 0.99 
S-13 0.3241 0.88 0.5112 0.89 
S-14 0.2911 0.97 0.437 1 
S-15 -0.0968 0.99 -0.1221 0.98 
S-16 0.1113 0.81 -0.1021 0.99 
S-24 0.0173 1 0.019 0.99 
S-26 0.0078 0.96 0.0047 0.67 
 
3.5 Tension Strut 
The approximate locations for the strain gages on the tension strut are shown in Figure 3-26. 
All gages labeled with the prefix ‘T’ are on the web of the tension strut, while those labeled ‘N’ 
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or ‘S’ are on the north or south flange, respectively. The average strain moduli for the gages on 
the tension strut are shown in Figure 3-27. The percentage change in strain moduli are shown 
Figure 3-28.  All results are tabulated in Table 3-8. Note, for the tension strut, plotted results are 
not shown for N-01, N-02, N-03, T-02 and T-07. These gages were damaged either during 
installation or during the pouring of concrete, and so their readings are either null or suspect.  
 
Figure 3-26 Labels for strain gages on the tension strut 
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3.5.1 140 kips tests 
 
Figure 3-27 Strain modulus for tests with and without concrete for gages on the tension strut 
 
 




Figure 3-29. Percentage change in strain modulus for tension strut gages, phase 3 
Table 3-8 Strain moduli and r-squared values for gages on the tension strut 
Senso
r 











N-01 0.3815 0.83 N/A N/A N/A N/A 
N-02 3.8224 0.99 N/A N/A N/A N/A 
N-03 -3.7502 0.12 0.5187 0.15 0.1106 0.09 
S-01 0.0758 0.35 0.0138 0.99 0.0187 1 
S-02 1.4759 0.94 0.0272 1 0.0365 0.98 
S-03 2.689 1 0.1859 0.02 N/A N/A 
T-01 1.1017 0.98 0.0141 0.99 0.0193 0.97 
T-02 0.938 0.99 N/A N/A N/A N/A 
T-03 2.2868 1 0.0288 1 0.0395 0.97 
T-04 2.3823 1 0.0258 0.98 0.0348 0.99 
T-05 2.4213 1 0.0279 1 0.0407 1 
T-06 2.4382 1 0.0265 1 0.0353 1 
T-07 2.4771 1 N/A N/A N/A N/A 
T-08 2.4741 1 0.0314 0.99 0.0427 1 
T-09 2.5269 1 0.0371 1 0.0447 1 




3.5.2 Max load tests 
 
Figure 3-30 Strain modulus for tension strut gages, max load test 
 




Table 3-9 Strain Modulus and R-squared values for tension strut gages, max load 
Sensor 








S-01 0.0107 0.98 0.0138 0.97 
S-02 0.0238 0.99 0.0305 0.98 
T-01 0.0148 1 0.0185 0.98 
T-02 0.0478 0.04 N/A N/A 
T-03 0.023 1 0.0339 0.99 
T-04 0.0358 0.76 0.0336 1 
T-05 0.0293 1 0.0398 1 
T-06 0.0265 1 0.0331 1 
T-07 0.0231 0.34 N/A N/A 
T-08 0.0329 1 0.043 1 
T-09 0.0556 0.91 0.0468 1 
T-10 0.0402 1 0.049 0.99 
3.6 Compression Strut 
Approximate locations for the strain gages on the compression strut are shown in Figure 3-32 
and Figure 3-33. Gages shown in red are on the outside face of the angle piece used for the 
compression foot of the strut. Gages shown in blue are on the inside face of the flanges of the 
compression strut itself.  The average strain moduli for the gages on the compression strut are 
shown in Figure 3-34. The percentage change in strain moduli are shown in Figure 3-35.  All 
results are tabulated in Table 3-10. Note, plotted results are not shown for S-17 and S-20 as these 
gages were damaged during the concrete pouring procedure. No data is available for gages N-20 
and S-19, as these were damaged during initial installation. 
 
Figure 3-32 Labels for strain gages on north side of compression strut. Red gages are on the outside, blue gages are 




Figure 3-33 Labels for strain gages on the south side of the compression strut. Red gages are on the outside, blue 
gages on the inside. 
3.6.1 140 kips tests 
 





Figure 3-35 Percent change in strain modulus for gages on the compression strut, phase 2. 
 







Table 3-10 Strain moduli and r-squared values for gages on the compression strut 
Senso
r 











S-17 -0.5232 0.97 -0.0273 0.54 -0.0348 0.94 
S-18 -2.3193 0.94 -0.0137 0.96 -0.0197 0.93 
S-20 -0.1948 0.58 N/A N/A N/A N/A 
S-21 -4.1712 0.98 -0.0266 0.99 N/A N/A 
N-17 -0.3051 0.92 -0.0181 0.99 -0.0195 0.91 
N-18 -1.949 0.91 -0.0123 0.95 -0.0199 0.95 
N-19 -0.1477 0.54 -0.0153 0.99 -0.0178 0.98 
N-21 -3.4588 0.99 -0.0294 1 -0.0336 0.93 
 
3.6.2 Max load tests 
 




Figure 3-38 Percentage change between phase 3 and phase 2 for compression strut gages, max load 
 
Table 3-11 Strain modulus and R-squared values for compression strut gages, max load 
Sensor 








N-17 -0.0171 1 -0.0196 0.97 
N-18 -0.0182 0.99 -0.0233 0.96 
N-19 -0.0164 1 -0.0199 0.99 
N-21 -0.0262 0.98 -0.0276 0.99 
S-17 -0.0313 0.95 -0.0413 0.96 
S-18 -0.015 1 -0.0183 0.97 








In the results shown in the previous section, some issues stand out from the data. First, the 
complicated nature of the contact phenomenon that occurs near the supports for the phase 1 test 
makes a one-to-one comparison of nearby gages between phase 1 and the other two phases 
difficult. This is particularly the case at N-18, N-19, S-01 and S-02. These gages show either a 
curvilinear, or bilinear, response during the phase 1 test. This is highlighted in the small R2 values 
of the OLS fit seen in the tables, and can be corroborated from the data plots provided in the 
Appendix. It is suspected that this behavior is due to a change in the state of contact of the specimen 
at the support locations that is not seen in the phase 2 test (because those supports are no longer 
used). Thus, discretion must be used when comparing the results of these gages. 
Next, multiple strain gages were damaged or destroyed during the concrete pouring procedure. 
Those gages are N-01, N-02, N-03, N-08, N15, N-16, N-22, S-17, S-20, S-25, T-02, and T-07. The 
loss of gages was an expected outcome from the concrete pouring procedure, which was a primary 
motivation for the inclusion of what may have been seen as an otherwise excessive amount of 
strain gages. In spite of the loss of the gages listed above, there is adequate information to describe 
the behavior of the anchorage. 
On the unembedded portion of the anchorage specimen, the two strain gages located near the 
center-line of the channels, B-01 and T-11, display consistent behavior. This consistency is 
expected as the unembedded portion should not be significantly impacted by the presence of 
concrete. Moreover, the location of these two gages  along the center line of the channels is such 
that they will not be sensitive to any bending in the channels. The remainder of the unemebedded 
strain gages show somewhat significantly varying behavior. These strain gages are all located on 
the flanges of the channels and are thus sensitive to bending that may be caused by inconsistencies 
with load direction between tests. These inconsistencies in direction of load are likely to be caused 
by the addition of the concrete block, and the shifting of the specimen between phases 1 and then 
2 and 3. Moreover, for the sake of the tests performed herein, the unembedded portions of the 
anchorages are not of particular interest given that, in the field, they are easily inspected. Thus, 
fatigue damage such as cracking can be found via visual inspection and quickly mitigated. 
For the remaining gages on the embedded portions of the specimen, the behavior is mostly 
consistent with the numerical modeling results, wherein the presence of the embedding concrete 
significantly reduces the stress in the steel. On exception to this typical behavior is gage N-14, 
near the interface of the concrete. The strain modulus of 0.70 𝜇𝜇𝜇𝜇
𝑘𝑘𝑟𝑟𝑘𝑘
 in phase 2 and 0.77 𝜇𝜇𝜇𝜇
𝑘𝑘𝑟𝑟𝑘𝑘
 in phase 
3 are both larger than the strain modulus of 0.54 𝜇𝜇𝜇𝜇
𝑘𝑘𝑟𝑟𝑘𝑘
 in phase 1. It is expected that this increase is 
due to the fact that this gage is near the concrete interface, and likely caused be the bending that 
saw similar increases on the unembedded gages. 
4.1 Updating fatigue analysis 
For reinvestigating the AASHTO-based fatigue analysis, it is of particular interest to 
investigate the critical strain modulus on each of the components. The critical strain modulus here 
is taken as the modulus with the highest absolute value in either phase 2 or 3. For the tension strut, 
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the critical strain modulus is from gage T-09, with a value of 0.04 𝜇𝜇𝜇𝜇
𝑘𝑘𝑟𝑟𝑘𝑘
 in phase 3. For the 
compression strut the critical strain modulus is from gage S-17, with a value of -0.04 𝜇𝜇𝜇𝜇
𝑘𝑘𝑟𝑟𝑘𝑘
 in phase 
3 (note, the negative value means this would be in compression). Across the gages on both gusset 
plates, the critical strain modulus is from gage S-12, with a value of 0.79 𝜇𝜇𝜇𝜇
𝑘𝑘𝑟𝑟𝑘𝑘
 in phase 3. 
For the component likely to be of most interest to the practicing engineer, the tension strut, the 
maximum strain modulus of 0.04 μϵ/kips for gage T-09 is used to update the AASHTO analysis. 
An estimate of the stress range, (Δf)eff is found by multiplying the strain modulus by the Young’s 
modulus of steel of 29,000 ksi, then multiplying by the overturning reaction caused by the hanging 
gate (which is analogous to the applied load during the test). The largest force in the tension strut 
in Table 1-1 is 125 kips, which corresponds to an overturning moment of the miter gate of 177 
kips.  Using the strain modulus, a stress of 205 psi could be expected in the tension strut of the 
anchorage. This stress is well below the endurance limit for steel, which is typically taken as 35% 
to 50% of the yield strength of steel (Suresh, 2012). Using the AASHTO definition for minimum 
constant amplitude fatigue threshold (analogous to the endurance limit), the lowest value across 
all fatigue detail categories is 2.6 ksi for fatigue detail category E’, based on Table 6.6.1.2.5-3 in 
the AASHTO (2017) LRFD Bridge Design Manual. The typically assumed fatigue detail for miter 
gate anchorages is category D. For category D, the constant amplitude fatigue threshold is given 
as 7.0 ksi. Based on the results of this study, a design engineer following code-based guidance 
would find no need to consider a fatigue limit state for calculating structural capacity of either the 
tension strut or compression strut of miter gate anchorages.    
For the gusset plates, the max strain modulus is 0.74 μϵ/kips. As described above, the 
maximum force due to the overturning moment of the miter gate experienced by the miter gate 
anchorages considered in this study is  787 kN (177 kips). Thus, multiplying this value by the max 
gusset plate strain modulus and the modulus of elasticity of steel, and max stress of 3.8 ksi is 
expected is expected in the gusset plates. As described above, for the fatigue category D with 
constant amplitude fatigue threshold of 7.0 ksi, the design engineer would again need not consider 
fatigue limit states when designing the gusset plates. The discussion above of course  assumes the 
condition of the concrete, steel, and steel-concrete bonding in the field are similar to those in the 
tests performed as part of this study for the life of the miter gate anchorage. For miter gate 
anchorages in the field, the practicing engineer should carefully assess on-site conditions when 
applying the results of this study. If the design engineer were being conservative and assumed a 
fatigue detail category E’, equation (1) would be revisited with a  (Δf)eff  now equal to 3.8 ksi. For 
the critical case of Lock 14, found to be 12 years over its fatigue life in Table 1-1, the updated 
analysis shows that there would be an expected addition 7500 years of operation before a fatigue 







In this study, a full-scale test of an embedded miter gate anchorage was performed to assess 
the contribution of concrete stiffness to structural behavior and make realistic fatigue life 
estimates. A full-scale test specimen was fabricated to the specifications of a typical in-service and 
representative miter gate anchorage. The test was performed in three phases. In phase 1, the test 
specimen was supported to mimic the boundary conditions assumed in the traditional analysis 
approach where the miter gate anchorage is assumed to behave as a freestanding, unembedded 
truss. In phase 2, the specimen was cast in a block of concrete to simulate the in-situ conditions of 
a primary miter gate anchorage. In phase 3, a portion of the concrete was cut away to simulate the 
conditions of a typical secondary miter gate anchorage. In all phases, the specimen was 
instrumented with 58 strain gages and the strain response was recorded while the specimen was 
placed under load applied by two synchronized actuators.  
Results show that, on the tension strut, which is the component of primary concern to field 
engineers, the tensile strain reduces by nearly 100 percent when the specimen is embedded in 
concrete. Using the typical loads for a selection of representative miter gate anchorages on the 
Mississippi river in conjunction with the calculated strain moduli, it was seen that the stress in the 
tension strut is likely below typical endurance limits for steel and below the AASHTO code-based 
fatigue threshold used in practice. The results of this study support the notion that, for miter gate 
anchorages of similar construction and embedment, the cyclic stress amplitude is likely 
insignificant for much of the embedded steel. Replacement of the entire miter gate anchorage thus 
may not be necessary. However, for in-service miter gate anchorages, the condition of the 
embedding concrete and the extent at which the embedding steel is bonded to concrete is difficult 
to evaluate. Similarly, deterioration of materials over age may influence material strength and 
global stiffness of the embedded anchorage assembly. Engineers should carefully consider on-site 
conditions prior to leveraging the results of this study for rehab or repair decisions. Additionally, 
the exposed portions of miter gate anchorages have been subjected to decades of environmental 
degradation, which could accelerate fatigue failure. Therefore, engineers could consider at a 
minimum excavating and replacing the channels and reinforcing the gusset plates in the regions 
near the face of concrete. This limited upgrade scheme would eliminate the need to fabricate and 
replace the entire anchorage and would still result in substantial savings in construction cost. 
Future work will utilize the results from this study to rigorously quantify the interaction between 
steel and concrete in miter gate anchorages and update numerical models with accurate interaction 
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APPENDIX A : ALL DATA 
In this appendix, plots for all gages showing the strain vs. load response are provided. In each 
plot, the black series represent the phase 1 tests, the purple series represent the phase 2 test up to 
140 kips, and the blue series represent the phase 2 test up to 390 kips. Similar to the results shown 
previously in this report, the gages are divided into sections based on their location on the 
anchorage. Images are provided to inform locations of each gages. Data is provide for those gages 
that were damaged during the concrete pour, and plots are listed as such. Data for phase 2 from 
these gages should be ignored (it is either unreasonable or zero). 
A.1 Channel Sections 
 
Figure A-1 Plan view of exposed portion of channels showing installed strain gage labels 
 




Figure A-3 Response of strain gages on unembedded channel sections 
Sensor damaged 









A.1.1 Max load test 
 





Figure A-6 Response of S-23 at Max load 
A.2 North Gusset 
 




Figure A-8 Response of selection of strain gages on north gusset plate 
 
Sensor damaged 




Figure A-9 Response of additional strain gages on north gusset plate 
 
Sensor damaged 








during concrete pour 
Sensor damaged 
during concrete pour 
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A.2.1 Max Load Test 
 





Figure A-12 Response of additional strain gages on north gusset plate under max load 
 
Sensor damaged 




Figure A-13 Response of N-14 on north gusset plate under max load 
A.3 South Gusset 
 



















Figure A-18 Response of remaining strain gages on south gusset plate 
 
Sensor damaged 
during concrete pour 
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A.3.1 Max Load Test 
 



















A.4 Tension Strut 
 




Figure A-24 Response of selection of strain gages on tension strut 
 
Sensor damaged 
during concrete pour Sensor damaged 
during concrete pour 
Sensor damaged 




Figure A-25 Response of additional strain gages on tension strut 
 
Sensor damaged 
during concrete pour 
Sensor damaged 









Figure A-27 Response of remaining strain gages on tension strut 
 
Sensor damaged 
during concrete pour 
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A.4.1 Max load test 
 
Figure A-28 Response of selection of strain gages on tension strut under max load 
 
Sensor damaged 













A.5 Compression Strut 
 
Figure A-31 Labels for strain gages on north side of compression strut. Red gages are on the outside, blue gages are 
on the inside 
 
 
Figure A-32 Labels for strain gages on the south side of the compression strut. Red gages are on the outside, blue 










Figure A-34 Response of additional strain gages on compression strut 
Sensor damaged 
during concrete pour 
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A.5.1 Max Load test 
 






Figure A-36 Response of additional strain gages on compression strut under max load 
Sensor damaged 
between phase 2 and 3 
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